The follicle-associated epithelium (FAE), covering Peyer's patches, provides a route of entry for antigens and microorganisms. Animal studies showed enhanced antigen and bacterial uptake in FAE, but no study on barrier function of human FAE has been reported. Our aim was to characterize the normal barrier properties of human FAE. Specimens of normal ileum were taken from 30 patients with noninflammatory colonic disease. Villus epithelium (VE) and FAE were identified and mounted in Ussing chambers. Permeability to 51 Cr-EDTA, transmucosal flux of the protein antigen, horseradish peroxidase (HRP), and transport of fluorescent Escherichia coli (chemically killed K-12 and live HB101) were measured. Uptake mechanisms were studied by confocal-and transmission electron microscopy, and by using pharmacological inhibitors in an in vitro coculture model of FAE and in human ileal FAE. HRP flux was substantially higher in FAE than in VE, and was reduced by an amiloride analog. Electron microscopy showed HRP-containing endosomes. Transport of E. coli K-12 and HB101 was also augmented in FAE and was confirmed by confocal microscopy. In vitro coculture experiments and electron microscopy revealed actin-dependent, mainly transcellular, uptake of E. coli K-12 into FAE.
The epithelial mucosal surface lining the gastrointestinal tract has conflicting roles. At the same time it digests and absorbs nutrients and acts as a barrier to protect the host from passage of adhering molecules and pathogens for example bacteria, viruses and protozoa. 1 In addition, it has to allow small amounts of molecules and pathogens to reach the underlying immune cells for immunosurveillence. From animal studies, it is known that this mainly takes place in specialized accumulations of lymphoid cells so called lymphoid follicles. Isolated lymphoid follicles are spread through out the human intestine, whereas the follicles in the distal ileum are grouped in larger aggregates called Peyer's patches. 1 The lymphoid follicles mainly contain B cells and small populations of follicular dendritic cells and are separated from each other by regions of T cells and interdigitating dendritic cells. 2 The epithelium that covers the lymphoid follicles, the follicle-associated epithelium (FAE), differs from the surrounding epithelium. It has few or no goblet or enteroendocrine cells, low amount of hydrolases, and lacks the ability to transport protective IgA from the interstitium to the lumen, since the entire FAE lacks polymeric Ig receptors. 2 These features together gives the FAE a biochemical face to the lumen that facilitates uptake of antigen and various microorganisms, for example Escherichia (E.) coli, Yersinia and Salmonella. 3 The uptake is further promoted by the presence of microfold (M) cells which promote transport of antigens and pathogens to underlying immune cells. 4, 5 Unfortunately, the histochemical properties of FAE and microfold cell (M cells) vary according to species and location 6 and yet no universal human M-cell marker has been established. 7 Previous animal studies have examined uptake and transport of antigens and bacteria in FAE; 5, 8, 9 however, to date there are no reports quantifying barrier function of human FAE. The main objective of the present study was, consequently, to characterize the barrier properties of human FAE and compare it with regular villus epithelium (VE). To fulfill this aim, we modified a technique 10 for the identification of FAE in human intestinal tissue, and studied transmucosal passage of antigens and bacteria in ileal specimens collected during surgery or colonoscopy. Mechanisms of uptake and transport were studied by microscopy and by pharmacological inhibition studies in human FAE tissue, as well as in the in vitro lymphocyte-epithelial cell coculture model of human FAE initially described by Kerneís et al, 11 and subsequently used by several groups to study FAE and M-cell function. [12] [13] [14] [15] [16] [17] [18] Our findings show that human ileal FAE is not only structurally, but also functionally distinct from regular VE, with enhanced transport of antigens and bacteria into the underlying lymphoid tissue.
Materials and methods

Patients and Ethics
Specimens, taken from terminal ileum next to the ileocaecal valve, were obtained from 30 patients at the University Hospital of Linkö ping. The material included 19 normal ileal specimens taken during surgery for colonic cancer from 8 men and 11 women aged 74 years (range 47-85 years), and during colonoscopy from 11 healthy persons under surveillance for colonic polyps, nine men and two women aged 59 years (range 38-75 years). The colon cancer patients had no generalized disease and none had received preoperative chemo-or radiotherapy. The study was approved by the committee of human ethics, Linkö ping, and all subjects gave their informed consent.
Identification of FAE
Surgical specimens were, immediately after division of the ileocolic artery, put in ice-cold oxygenated Krebs buffer (115 mM NaCl, 1.25 mM CaCl 2 , 1.2 mM MgCl 2 , 2 mM KH 2 PO 4 and 25 mM NaHCO 3 , pH 7.35), macroscopically reviewed by a pathologist, and transported to the laboratory for experiments. While immersed in Krebs buffer, the specimens were stripped of external muscle and myenteric plexus. Stripped tissue was put with the mucosa up in a Petri dish and carefully stretched out with needles. For identification of FAE, we modified a technique previously described for post-mortem ileal tissue. 10 The dish was placed on a horizontal X-ray view box (Philips, Sweden) and by transillumination from below, regions of VE and FAE could be identified in a dissection microscope (Figure 1a) . Biopsies, identified as VE or FAE with magnification endoscopy, were taken at colonoscopy with a biopsy forceps without a central lance. They were directly put in a dish with Krebs buffer, and epithelial type was further identified with dissection microscopy as for surgical tissue. Microscopy further ensured that only biopsies of high quality without squeeze effects were used. Following the Ussing experiments, histological assessment verified epithelial type in each chamber (Figure 1b and c) . Two biopsies identified as FAE before the experiments turned out to be VE when judged microscopically. Another two FAE and VE specimens were excluded due to technical problems.
Ussing Chamber Experiments
Tissues of VE and FAE were mounted in modified Ussing chambers (Harvard apparatus Inc., Holliston, MA, USA). 19 FAE segments were carefully adjusted so that the follicles covered the entire exposed tissue surface area of 4.9 mm 2 for surgical specimens and 1.8 mm 2 for biopsies. Mucosal compartments were filled with 1.5 ml cold 10 mM mannitol in Krebs buffer and the serosal compartments were filled with 10 mM glucose in Krebs buffer. The chambers were kept at 371C and continuously oxygenated, 95% O 2 /5% CO 2 and circulated by gas flow. Before the experiments were started, tissues were equilibrated for 40 min in the chambers to achieve steady-state conditions in transepithelial potential difference (PD), with a replacement of 371C mannitol or glucose buffer at 20 min. The short-circuit current (Isc) and transepithelial resistance (TER) and PD were monitored using one pair of Ag/AgClelectrodes with agar-salt bridges and one pair of current-giving platinum electrodes. The chamber experiments were performed in open circuit conditions, with sampling of electrophysiology data every second min during the entire experimental period via LabVIEW software (LabVIEW, National Instruments, Solna Sweden). A four electrode system was used as previously described. 20 One pair of Ag/ Ag-electrodes (Ref 201, Radiometer, Copenhagen, Denmark) with 3 M NaCl/2% agar bridges was used for measurements of PD and one pair of platinum electrodes for current passage. Transepithelial potential difference, Isc and TER were obtained as described by Karlsson et al. 51 Cr-EDTA permeability was given as P app (apparent permeability coefficient; cm/s Â 10 À6 ), and HRP permeability presented as transmucosal flux (pmol/h/cm 2 ).
HRP analysis
Horseradish peroxidase was measured using the QuantaBlut Fluorgenic Peroxidase Substrate Kit (Pierce, Rockford, USA) according to a protocol developed at our laboratory. 8 In brief, serosal samples were diluted and transferred to microtitre plates. QuantaBlut Working Solution was added and plates were incubated at 300 r.p.m. at room temperature. After exactly 30 min, QuantaBlut Stop Solution was added and absorbances of the reaction products were measured at excitation wavelength 325 nm and emission wavelength 420 nm using a fluorimeter (Cary Eclipse, Varian, Victoria, Australia). Blanks were included in each analysis and all samples were run in duplicate and measured against a standard curve.
Transmission electron microscopy
To determine the passage routes for HRP, two VE and two FAE segments, each from three patients, were mounted and exposed to 10 À5 M HRP on the mucosal side for five and 15 min, respectively. Segments were fixed in situ in the chambers with 2% glutaraldehyde for 2 h and then carefully transferred to 0.1 M sodium cacodylate buffer, pH 7.4. After washing in Tris buffer, segments were incubated with 0.6 mg/ml DAB þ 3% H 2 O 2 for 30 min, and transferred to cacodylate buffer with 1% osmium (1:1). After 1 h, segments were washed in cacodylate buffer, dehydrated and embedded in Epon (TAAB 812, Analytical standards, Gothenburg, Sweden). Sections were stained with lead citrate and uranyl acetate and examined by transmission electron microscopy (JEM-1230, JEOL Sollentuna, Sweden).
Passage of Chemically Killed E. coli K-12
Two to three FAE and VE segments from each of 10 patients (six surgical specimens, four biopsies) were mounted in Ussing chambers. After equilibration, chemically killed fluorescein isothiocyanate (FITC)-conjugated E. coli K-12 BioParticles (Molecular Probes, Leiden, The Netherlands) were added to the mucosal side to a final concentration of 1.0 Â 10 8 CFU/ml. These bacteria are killed with paraformaldehyde which stops their reproduction but retains antigenicity. 22 After 90 and 120 min, serosal compartments were collected and analyzed at 488 nm in a fluorimeter (Cary Eclipse, Varian) where 1 unit refers to 1.5 Â 10 6 CFU/ml.
Confocal laser scanning microscopy
At 90 and 120 min, segments were fixed in situ in the chambers with 4% formaldehyde in PBS; pH 7.4, for 2 h and then carefully rinsed in PBS and incubated with 10 mg/ml Alexa Flour 594 phalloidin (Molecular Probes) to visualize F-actin. After 30 min, tissues were rinsed in PBS, mounted in antifading Fluorescent Mounting Medium (DakoCytomation, CA, USA) and examined in a Nikon Eclipse E600W confocal laser scanning microscope (Nikon, NY, USA) using Nikon EZ-C1 software, with a 60 Â oil-immersion objective. An ion laser permitted simultaneous excitation wavelengths of 488 nm for FITC-labeled E. coli and 594 nm for Alexa-labeled phalloidin.
Transmission electron microscopy
To determine the passage routes for E. coli K-12, 3 FAE segments, each from three patients, were mounted and exposed to 1.0 Â 10 8 E. coli K-12 on the mucosal side for 10 and 20 min, respectively. Segments were fixed in situ in the chambers with 2% glutaraldehyde for 2 h and then processed as described above for electron microscopy studies of HRP passage routes, except for incubation with DAB.
Passage of Live E. coli HB101
In addition to studies with dead E. coli K-12, ileal tissue from seven patients (four surgical specimens, three biopsies) were used for studies with live green fluorescent protein-incorporated E. coli HB101 (One Shot s TOP10 Competent Cells, Invitrogen, CA, USA). The transfection was performed by adding 5 ml of plasmid enhanced green fluorescent protein 1:100 to 50 ml of competent HB101. The mixture was gently shaken and incubated on ice for 30 min followed by heat shock at 401C for 90 s. After addition of 450 ml SOC medium, bacteria were incubated at 371C, 200 r.p.m., for 1 h and then plated on LB þ ampicillin agar plate to grow at 371C.
Two to three FAE and VE segments from each patient were mounted in Ussing chambers, 1.0 Â 10 8 CFU/ml of E. coli HB101 were added, and tissues were further processed for quantification and confocal microscopy as described for experiments with K-12.
Effect of E. coli K-12 and HB101 on 51 Cr-EDTA flux FAE and VE segments from five patients were mounted in Ussing chambers. Following system equilibration (as previously described), 51 Cr-EDTA was added to the mucosal compartment at a final concentration of 34 mC i /ml with or without addition of the chemically killed FITC-conjugated E. coli K-12 or GFP-incorporated E. coli HB101 at a concentration of 1 Â 10 8 CFU/ml, respectively, as described above. Serosal samples were collected every 30 min for 2 h. The paracellular flux of 51 Cr-EDTA was measured by gamma counting and the values are presented as percent of control (nonexposed tissues).
In Vitro Studies of Uptake Mechanisms
Coculture model
To further study the mechanisms behind the increased uptake of HRP and bacteria in human FAE, the in vitro coculture model of FAE was used. In a paper by Kerneís et al 11 it was shown that coculture of Peyer's patch lymphocytes and intestinal epithelial cells may trigger conversion of the epithelial cells to M cells. This model and variants of it have been used to study M-cell function, [12] [13] [14] [15] [16] [17] and by using our previously established modification 18 of the original model, mechanisms of antigen and bacterial uptake could be studied. Briefly, intestinal epithelial Caco-2 cells were grown on Matrigelt (Becton Dickinson, USA) coated polycarbonate filters (Costar, Baedvenhorp, NL, USA) with a mean pore size of 3.0 mm. The model FAE was obtained by adding 5 Â 10 5 Raji B cells (ATCC, MD, USA) resuspended in Dulbecco's Modified Eagle Medium to the basolateral chamber of 14-day-old Caco-2 cell monolayers. The coculture was then maintained for 4-5 days before onset of experiments. Corresponding monocultures of Caco-2 cells on matched filter supports served as controls. Before and after transport experiments, TER was measured to check cell monolayer integrity, and only filters with maintained integrity were used. To verify model FAE function, transcytosis of 0.2 mm polystyrene beads was studied for each batch of cells.
Experimental protocol
All experiments were performed in Hank's Balanced Salt Solution (HBSS) with addition of 25 mM Hepes buffer, pH 7.4. Before experiments, the cell monolayers were incubated with either the amiloride analog 5-(N-ethyl-N-isopropyl)-amiloride (EIPA), (100 mM), an inhibitor of the apical membrane Na þ /H þ exchanger, which has been used as an inhibitor of macropinocytosis, 23, 24 the
À5 M HRP, with or without EIPA, was added to the apical side of the cells, samples were withdrawn at regular time intervals, stored at À201C and analyzed as described for human tissue. E. coli K-12 experiments, 1.0 Â 10 8 CFU/ml were added to the apical side, with or without inhibitors. After 20 min, the cell monolayers were washed several times in HBSS to remove loosely adherent bacteria, fixed in 4% formaldehyde for 10 min, washed in HBSS and stored for confocal microscopy of internalized bacteria. Bacterial transport could not be studied in this model system since studies of E. coli K-12 transport through empty cell culture filter supports revealed that the bacteria were too large to pass through the pores.
Quantification of bacterial transport
The number of surface-bound, intracellularly and paracellularly located E. coli was quantified in a confocal laser scanning microscope (Leica TCS SP2, Germany) by counting the number of bacteria in six predefined areas of each cell monolayer. In order not to affect the location of bacteria within the cell monolayers, the fixed cells were not permeabilized or stained before analysis, but simply cut out of the filter holders and mounted on glass slides. Excitation with an ion laser at 488 nm allowed simultaneous reflection of the cell monolayers and detection of the FITC-labeled E. coli (emittance detected at 488 nm and above 530 nm, respectively). In order to visualize and count bacteria at different locations in the cell monolayer, stacks of images were collected by scanning the entire height of the cell monolayer in the predefined areas of each filter, each containing approximately 400 cells. Projections of these stacks in the x-z and y-z dimension with LCS Litet software (Leica, Germany) permitted visualization of bacteria throughout the cell monolayer. The numbers of surface-bound, intracellular and paracellular E. coli in the six areas were summarized and the mean number of E. coli/mm 2 was calculated for each treatment. Three to six filters were used for analysis of each treatment.
Inhibition Studies of HRP in Human FAE
Subsequent to the studies in the in vitro coculture model of FAE showing inhibition of HRP uptake by EIPA (see further above under in vitro studies), confirmatory studies were performed in human tissue FAE. Surgical specimens of ileal mucosal FAE and VE from four patients were mounted in Ussing chambers, as described above. Following 20 min of equilibration, EIPA (100 mM) or vehicle was added to the mucosal side of specimens of each epithelial type. After another 20 min, HRP (10 À5 M) and 51 Cr-EDTA (34 mCi/ml) were added to the chambers (two EIPA and two controls of each epithelial type, respectively, in each patient). Samples were withdrawn every 30 min for 2 h and the passage of 51 Cr-EDTA and HRP were analyzed as described above.
Statistics
Values are given as median (25-75th interquartile range). Comparisons between two groups were performed with Mann-Whitney U test or Wilcoxon signed rank test when applicable. Differences with Po0.05 were considered significant.
Results
Equal Permeability in Surgical Specimens and Biopsies
Our group previously showed that permeability was equal in surgical specimens and biopsies of human colon 26 and initially we wanted to confirm these findings in human ileal mucosa. After 40 min of equilibration, PD was stable in all tissues. The active net ion transport, assessed as Isc, was similar in surgical specimens and biopsies in both VE and FAE (Table 1) . On the other hand, the conductance was lower in surgical specimens compared to biopsies in both tissue types, Po0.001. This is in line with previous results from human colon 26 and probably refers to the thicker subepithelial layer in surgical specimens, giving higher total resistance recordings. However, it could also refer to differences in the mounting process with the influence of stretching the epithelium in surgical specimens and a higher risk of edge damage in biopsy chambers. There were no significant differences between surgical specimens and biopsies in permeability to 51 Cr-EDTA, or to HRP (Table 1) . Moreover, fluorimetric measurements showed no significant differences in E. coli K-12 and HB101 passage between surgical specimens and biopsies, neither in FAE nor in VE ( Table 1) . As there were no significant differences in 51 Cr-EDTA, HRP or bacterial passage between surgical specimens and biopsies, the two techniques can be considered equal regarding studies of macromolecular permeability and bacterial uptake. Therefore, the flux data for surgical specimens and biopsies were pooled.
Enhanced Transcellular Transport of HRP in FAE
Transport quantification There was no difference in permeability to the paracellular probe, 51 Cr-EDTA, between FAE and VE (1.6 (1.1-1.9) vs 1.0 (0.6-1.5) cm/s Â 10 À6 ; Figure 2a ). On the other hand, the transmucosal transport of HRP was substantially higher in FAE compared to VE (36.0 (31.5-67.0) vs 6.3 (3.1-16.3) pmol/h/cm 2 , Po0.001) (Figure 2b ).
Transport routes
Electron microscopy showed an increased number of vacuoles within the FAE enterocytes and endosomal HRP-uptake was more frequently found within the FAE compared to VE (Figure 3a and b) . No HRP was found in the paracellular spaces neither in FAE nor in VE, suggesting mainly transcellular uptake of HRP. The ultrastructural examination of FAE further revealed a mucosa with lymphocytes close to the epithelial cells and lymphocytes in close contact with HRP-containing endosomes (Figure 3c and d) . M cells, identified according to established definitions 5, 6 were observed within the FAE (Figure 3e ).
Transport mechanisms
Studies of HRP transport in the cell co-culture model confirmed an increased transport of HRP in FAE. The model FAE showed a threefold increased HRP flux compared to Caco-2 (37.5 (28.8-56.1) vs 13.0 (11.9-15.7) cm/s Â 10 À9 , Po0.05) (Figure 4a ). The transport was inhibited by EIPA in both model FAE (37.5 (26.5-60.6) vs 21.1 (20.4-23.4) , Po0.05) and Caco-2 (13.0 (11.9-15.7) vs 10.5 (8.9-11.1), Po0.05). The mean TER-values of the cell monolayers were 279764 O cm 2 . Transepithelial resistance values of 200 O cm 2 have previously been shown to represent Caco-2 cell monolayers with an uncompromised integrity. 27 The TER was very little affected by incubation with EIPA (102.170.05% of initial value).
In addition, HRP flux in human ileal FAE was inhibited by EIPA in a similar pattern, although this did not reach statistical significance (Figure 4b) . 51 Cr-EDTA permeability (FAE: control 1.2 (1.0-1.4) vs EIPA 1.6 (1.2-1.7) cm/s Â 10 À6 ; VE: control 0.9 (0.8-1.2) vs EIPA 1.1 (0.9-1.4) cm/s Â 10 À6 ) and conductance (96.970.05 and 105.370.03% of control at 60 min, respectively) were not affected by EIPA exposure to human tissue samples.
Transmucosal Passage of Non-Pathogenic Bacteria was Transcellular and Actin-Dependent in FAE
Human tissue At 90 min, fluorimetric measurements showed an increased passage of E. coli K-12 in FAE compared to VE (1.0 (0.9-1.7) vs 0.4 (0.1-0.9) units, Po0.05) while the passage of live E. coli HB101 was only slightly higher in FAE (4.7 (3.8-5.3) vs 3.2 (2.3-3.8), P ¼ 0.1). However, at 120 min, the passage was significantly increased for both E. coli K-12 (2.9 (2.5-3.4) vs 1.0 (0.5-1.7), Po0.01) and HB101 (4.6 (4.0-5.2) vs 2.7 (1.9-3.8), Po0.05) (Figure 2c) . In all cases, bacterial passage was higher in FAE compared to VE specimens from the same patient.
The bacterial uptake was confirmed by microscopy. Transmission electron microscopy demonstrated several bacteria attached to the epithelial surface and transcellular uptake with actin accumu- (Figure 5a and b) . Similarly, confocal microscopy showed fluorescent bacteria on the surface of the epithelium in both FAE and VE; however, the amount of attached bacteria was higher in FAE (data not shown). Transepithelial passage of E. coli K-12 and HB101 is illustrated in Figure 5c 
Coculture model of FAE
In agreement with the results on tissue FAE and VE, confocal microscopy revealed that the number of internalized E. coli K-12 was greater in the model FAE than in the Caco-2 epithelium (304 (259-367) vs 107 (83-215) E. coli/mm 2 , Po0.05) (Figure 6 ). In the model FAE, cytochalasin D significantly inhibited the number of surface-bound bacteria (60 (29-81) vs 107 (85-139) E. coli/2400 epithelial cells; Po0.05) as well as the internalization of bacteria into enterocytes (133 (80-207) vs 304 (259-367) E. coli/mm 2 , Po0.05) ( Figure 6 ). Numerically, a similar pattern was seen in the Caco-2 epithelium, however, the inhibitory effects were not significant (P ¼ 0.4). Colchicine had no significant inhibitory effect on bacterial internalization. Confocal microscopy further revealed that bacteria were only rarely found in the paracellular spaces in either model FAE or Caco-2. Surface-bound bacteria were found in all cell monolayers regardless of treatment. The TER of the monolayers was very little affected by incubation with colchicine (95.570.01) or cytochalasin D (99.070.01) compared with buffer controls (100.970.02).
Discussion
To our knowledge no permeability studies on human FAE have previously been reported. Consequently, this study was designed to characterize the uptake properties of normal human FAE and compare it with regular VE. In the FAE we found a high transmucosal flux of the protein antigen, HRP, whereas 51 Cr-EDTA flux and conductance did not significantly differ between VE and FAE. These findings are in line with our previous studies in rat FAE, 8 and point to an enhanced uptake of antigens in the human FAE compared with VE, but equal paracellular permeability. Analogous to the enhanced antigen uptake, a notably higher transmucosal passage of both chemically killed K-12 and live HB101 E. coli was found, which further implies that the human FAE is prone to uptake and transport of antigens and bacteria.
Our studies with pharmacological inhibitors and microscopy suggest that the transepithelial uptake of antigens and bacteria in the FAE is mainly transcellular. The amiloride analog, EIPA, which inhibits sodium-hydrogen exchange and thereby reduces a driving force for uptake through the apical membrane (H þ electrochemical gradient), 28 has been used as a pharmacological inhibitor of macropinocytosis. 24 Previous studies have shown that amiloride and its analogs inhibits pinocytosis of HRP, but not receptor-mediated uptake or uptake via clathrin-coated pits. 29, 30 In our experiments, EIPA reduced the internalization and transport of HRP, in the coculture model as well as in human FAE, without affecting paracellular permeability. Ultrastructural studies corroborated the functional data by showing transcellular endosomal uptake of HRP. This suggests mainly transcytotic mechanisms for the enhanced transmucosal HRP flux in the human ileal FAE. Further, studies with E. coli K-12 in the model FAE revealed that when adding low concentrations of cytochalasin D, the amount of internalized bacteria was decreased, suggesting that E. coli K-12 is taken up via an actin-mediated transcellular route in FAE. This is well in line with recent data on uptake of nonpathogenic E. coli in porcine FAE. 31 In contrast, colchicine had no significant effect on bacterial internalization, which probably refers to the fact that it blocks microtubule-dependent transcytosis but not the actin-dependent uptake into the enterocytes. 32 Electron microscopy demonstrated bacterial uptake with actin accumulation at the apical membrane contact sites, and confocal microscopy showing the majority of bacteria within epithelial cells. On the other hand, an indirect role for the paracellular pathway is possible, as suggested by the different expression of tight junction proteins found in mouse FAE, 33, 34 especially in disease states, such as intestinal inflammation. For example, several E. coli strains have been shown to affect the paracellular pathway in intestinal epithelia. 35 Our data do not, however, give any suggestion of permeability alterations by the nonpathogenic E. coli strains used in the present study, which is in line with previous observations using these strains. 36 The similar pattern induced by the pharmacological inhibitors in the Caco-2 epithelium may suggest that the same uptake mechanisms are present in FAE and VE, although upregulated in FAE.
The enhanced permeability in FAE tissue might also refer to the presence of M cells that facilitate luminal uptake of antigens and bacteria.
2,37 M cells constitute approximately 10% of the FAE, however, this number can be increased during intestinal inflammation. 38, 39 M cells lack a developed microvillus border and glycocalyx coat, which facilitates access for luminal pathogens and thereby the uptake increases. 2, 37 There are large differences between different species regarding markers for M cells. 6 For example, markers have been identified for pig, rabbit and mouse, 7 however, there is today no universal human M-cell marker, which hampers the possibility to elucidate the actual role of M cells in barrier function of the FAE. A few human markers have been suggested. One is Sialyl Lewis A Antigen, 40 but we (unpublished observations) and others, 7 have not been able to confirm this finding. Other suggested M-cell markers are Cathepsin E 41 and b-1 integrin. 42 Furthermore, it has been shown in experimental models that dendritic cells can extend their processes through the epithelial tight junctions and sample both pathogenic and nonpathogenic luminal microbes. 43 Whether the dendritic cells are involved also in the sampling process in FAE is, however, not known. Nevertheless, our data support the notion of a high degree of bacterial-epithelial-immune cell interaction in the human FAE.
In conclusion, enhanced antigen and bacterial uptake, but similar paracellular permeability, suggest functional variations mainly of transcellular transport in the FAE. Our results show that human ileal FAE is functionally distinct from regular VE, making it more prone to interaction with, and transport of, antigens and bacteria. We have in this work established a reliable technique for functional studies of human ileal FAE. As there are critical species differences in FAE and M-cell biology, this opens up new possibilities to study interactions between luminal antigens and the mucosal immune system of the human gut. We can thereby increase our knowledge on oral vaccination, and gain essential information on the pathophysiology of human inflammatory diseases with relevance to the FAE, for example Crohn's disease. Caco-2 FAE P < 0.05 Figure 6 Quantification of internalized E. coli K-12 in model FAE and Caco-2 cell monolayers. The quantification was performed in the presence of HBSS (Ctr.), colchicine (Colch.) or cytochalasin D (Cyt. D). The cell monolayers were incubated with E. coli K-12, with or without inhibitor. The number of intracellular E. coli/mm 2 was counted in a confocal microscope, using LCS softwaret. The cells and filter were detected by direct reflection (magenta), the FITC-labeled bacteria (green) by excitation at 488 nm. E. coli K-12 internalization was increased in model FAE compared to Caco-2 cell monolayers. In the model FAE, the internalization of bacteria was inhibited by cytochalasin. Values are presented as median (25-75th interquartile range) and comparisons were performed with Mann-Whitney U test.
